Endosomal recycling of transmembrane proteins requires sequence-dependent recognition of motifs present within their intracellular cytosolic domains. In this study, we have reexamined the role of retromer in the sequence-dependent endosome-to-trans-Golgi network (TGN) transport of the cation-independent mannose 6-phosphate receptor (CI-MPR). Although the knockdown or knockout of retromer does not perturb CI-MPR transport, the targeting of the retromer-linked sorting nexin (SNX)-Bin, Amphiphysin, and Rvs (BAR) proteins leads to a pronounced defect in CI-MPR endosome-to-TGN transport. The retromer-linked SNX-BAR proteins comprise heterodimeric combinations of SNX1 or SNX2 with SNX5 or SNX6 and serve to regulate the biogenesis of tubular endosomal sorting profiles. We establish that SNX5 and SNX6 associate with the CI-MPR through recognition of a specific WLM endosome-to-TGN sorting motif. From validating the CI-MPR dependency of SNX1/2-SNX5/6 tubular profile formation, we provide a mechanism for coupling sequencedependent cargo recognition with the biogenesis of tubular profiles required for endosome-to-TGN transport. Therefore, the data presented in this study reappraise retromer's role in CI-MPR transport.
Introduction
Endosomes are the major sorting compartments along the endocytic pathway. Hundreds of integral membrane proteins and their associated proteins and lipids (together termed "cargo") gather in endosomes after arriving from the plasma membrane, the biosynthetic pathway, and various other membrane trafficking routes (Huotari and Helenius, 2011; Burd and Cullen, 2014) . Within endosomes, two principal decisions are made that determine cargo fate. Cargo may be selected for inclusion into an intraluminal vesicle that buds from the limiting endosomal membrane and, through endosomal maturation, is ultimately delivered to the lysosome for degradation (Schöneberg et al., 2017) . Alternatively, cargo may be prevented from entering these intraluminal vesicles, and hence the degradative fate, by being instead selected for enrichment in endosomal "retrieval" subdomains for recycling back to the plasma membrane, the trans-Golgi network (TGN), or other specialized organelles (Burd and Cullen, 2014; Goldenring, 2015) . The recycling of cargo occurs through the biogenesis of tubular profiles and tubulovesicular transport carriers that provide a high surface area/volume ratio (Maxfield and McGraw, 2004 ). An ancient and evolutionarily conserved family of proteins that regulate endosomal tubule biogenesis and are implicated in endosomal cargo sorting and recycling are the SNX-Bin, Amphiphysin, and Rvs (BAR; SNX-BAR) proteins, a subfamily of sorting nexins (SNXs; Carlton et al., 2004; Peters et al., 2004; Cullen, 2008; Cullen and Korswagen, 2011; Teasdale and Collins, 2012; Gallon and Cullen, 2015) . All SNXs share a phosphoinositide-binding phox homology domain, whereas the SNX-BAR proteins also possess a BAR domain (Carlton et al., 2004; Peters et al., 2004; Traer et al., 2007; van Weering and Cullen, 2014) . Through the BAR domain-mediated formation of homoand heterodimers and corresponding higher-ordered helical arrays (Simunovic and Voth, 2015) , SNX-BAR proteins organize the formation of spatially and biochemically discrete tubular profiles and tubulovesicular transport carriers (van Weering et al., 2012a,b; Ma et al., 2017) .
A subset of SNX-BARs is linked to the retromer pathway (Cullen and Korswagen, 2011) . Retromer is an evolutionarily conserved complex (Seaman et al., 1998) , and in the higher metazoan it is a heterotrimer consisting of VPS26 (with two isoforms A and B expressed in humans), VPS29, and VPS35 (Haft et al., 2000; Kerr et al., 2005) ; hereon, the term "retromer" refers to the VPS26A/B-VPS35-VPS29 complex. Functionally, retromer is considered to be linked to a SNX-BAR membrane-remodeling complex composed of heterodimeric combinations of SNX1 or SNX2 with either SNX5, SNX6, or SNX32 (Horazdovsky et al., 1997; Carlton et al., 2004; Wassmer et al., 2007 Wassmer et al., , 2009 ). Because SNX32 is also known as SNX6B, we have throughout the study referred to this as the SNX1/2-SNX5/6 complex.
The current model for retromer-mediated cargo sorting argues that endosome-associated retromer interacts with the intracellular cytosolic domains of cargo proteins either directly or via cargo adapters (Arighi et al., 2004; Seaman, 2004; Strochlic et al., 2007; Puthenveedu et al., 2010; Harterink et al., 2011; Temkin et al., 2011; Chen et al., 2013; Steinberg et al., 2013; Gallon et al., 2014; Lucas et al., 2016) . Together with the actin-polymerizing Wiskott-Aldrich syndrome protein and SCAR homology (WASH) complex, retromer mediates the enrichment of selected cargo into a retrieval subdomain (Gomez and Billadeau, 2009; Harbour et al., 2010 Harbour et al., , 2012 Jia et al., 2012) . Once cargo has been captured, retromer promotes the "handover" of cargo into SNX1/2-SNX5/6 tubular profiles and tubulovesicular transport carriers to allow their recycling to specific compartments. This model of retromer activity is also considered to apply to the retrograde recycling of the TGN-resident cation-independent mannose 6-phosphate receptor (CI-MPR) . This receptor is transported from the Golgi to endosomes to deliver newly synthesized lysosomal hydrolases (Ghosh et al., 2003) . To maintain iterative rounds of hydrolase delivery, the CI-MPR recycles back to the TGN (Lombardi et al., 1993; Meyer et al., 2000) , a retrograde transport pathway that is considered to require the direct interaction of the CI-MPR with retromer (Arighi et al., 2004; Seaman, 2004) .
Within this model, it is unclear how the biogenesis of SNX1/2-SNX5/6 tubular profiles and tubulovesicular transport carriers are coordinated with the recognition of cargo to ensure that profiles and carriers are only formed when cargo is sufficiently enriched. In this study, we show that the SNX1/2-SNX5/6 complex is involved in sequence-mediated cargo recognition and that for the CI-MPR, such sequence recognition is an important component in the biogenesis of tubular profiles and transport carriers during retrograde endosome-to-TGN trafficking. In considering this new insight into sequence-dependent cargo recognition within the retromer pathway, we reevaluate the existing model by which retromer regulates CI-MPR retrograde transport.
Results
The SNX1/2-SNX5/6 complex interacts with the CI-MPR To date, stable isotope labeling by amino acids in cell culture (SIL AC)-based proteomics has successfully been used to obtain high-resolution interactomes of retromer and has provided fundamental insight into the molecular details of retromer-mediated cargo sorting (Steinberg et al., 2013; McGough et al., 2014a,b; McMillan et al., 2016) . To gain a better understanding of the role of the membrane remodeling complex in retromer-mediated cargo sorting, we applied the same SIL AC-based proteomic approach to the five retromer-linked SNX-BARs: SNX1, SNX2, SNX5, SNX6, and SNX32.
We lentivirally transduced human retinal pigment epithelial-1 (RPE-1) cells with increasing titers of lentivirus to generate cell populations expressing endosome-associated GFP-tagged forms of SNX1, SNX2, SNX5, SNX6, and SNX32 (Figs. S1 and S2). For the interactome analysis, we selected individual lentiviral cell lines that expressed a given GFP-SNX-BAR protein at a comparable level to the corresponding endogenous SNX-BAR protein. We were unable to confidently assess the level of GFP-SNX32 over the endogenous protein because of the lack of a reliable antibody. Therefore, we selected a viral titer where the level of GFP-SNX32 expression did not perturb the endosomal morphology (defined by excessive endosomal tubulation and endosomal vacuolation). The selected GFP-SNX-BAR-expressing cell lines were cultured in media containing amino acids of "medium" mass (R6K4), and in parallel, GFP-only expressing cells were maintained in media containing amino acids of "light" mass (R0K0). After six doublings, cells were lysed, and the lysates were immunoprecipitated using GFP-trap beads. The precipitates were combined and resolved with SDS-PAGE before liquid chromatography-tandem mass spectrometry for identification of the enriched proteins ( Fig. 1 A) . Data from two independent experiments were generated for each SNX-BAR protein.
For each SNX-BAR proteomic dataset, a final list of interactors was generated by excluding proteins quantified through a single unique peptide and by excluding those proteins that were not present in both duplicate experiments. The filtered lists from the two experiments were then combined, averaged, and any protein that was less than fivefold enriched over the control was excluded ( Fig. 1 A) . With this rationale, 10 proteins were considered to form the SNX1 interactome, 12 proteins formed the SNX2 interactome, 50 proteins formed the SNX5 interactome, 60 proteins formed the SNX6 interactome, and >200 proteins the SNX32 interactome. The increased number of interactors for SNX32 may reflect our inability to precisely define the level of overexpression relative to endogenous SNX32 and hence the selection of a suitable cell line. The five datasets were combined in Venn diagrams to show unique and common hits between SNX5, SNX6, and SNX32 (Fig. 1 B) and between SNX1 and SNX2 ( Fig. 1 C) . In addition, we established a Venn diagram between all five SNX-BAR interactomes ( Fig. 1 C) . Search Tool for the Retrieval of Interacting Genes/Proteins (STR ING) analysis of all the interactors confirmed the dimeric nature of SNX-BAR interactions (Wassmer et al., 2009; van Weering et al., 2012b) , with SNX1 and SNX2 forming homodimers or heterodimers with SNX5, SNX6, or SNX32 ( Fig. 1 D) . Known SNX-BAR-interacting partners were identified by the bioinformatics analysis. Among these, the WASH-associated protein RME-8 (also known as DNA JC13) was unique to SNX1 (Popoff et al., 2009; Shi et al., 2009; Freeman et al., 2014; Norris et al., 2017) , whereas the ER tether VAPB was an interactor of the SNX2 heterodimer (Dong et al., 2016) . Interestingly, the VPS26A/VPS26B, VPS29, and VPS35 components of retromer were not present in the SNX-BAR interactomes, entirely consistent with the low affinity and transient interaction described between the retromer and the SNX1/2-SNX5/6 heterodimeric complex (Collins et al., 2005) .
We next used expression of GFP-tagged proteins and GFP trap-based coimmunoprecipitation to validate the association of the SNX-BAR proteins with interactors identified from the SIL AC-based proteomics. We recapitulated that the SNX1/2-SNX5/6 complex does not associate with retromer, and we confirmed the specificity of the interaction within the SNX1/2-SNX5/6 complex through analysis of the nonretromer-linked SNX-BAR proteins SNX4 and SNX8 (Fig. 1 E; van Weering et al., 2012b) . Western blotting of GFP trap-isolated SNX-BAR proteins confirmed the association between SNX2 and the ER tethers VAPA and VAPB ( Fig. S3 A) . SNX2 heterodimers were also detected in immunoprecipitates of the GFP-tagged VAPA/VAPB cytosolic domain ( Collectively, these data provide an initial validation of the interactome data, thereby supporting our experimental design.
Given the apparent validity of the interactome data, our attention was drawn to the high enrichment of the CI-MPR in the SNX5, SNX6, and SNX32 interactomes ( Fig. 1 B) . We used expression of GFP-tagged proteins in HEK293T cells followed by GFP trap-based coimmunoprecipitation to compare the binding of retromer and the SNX1/2-SNX5/6 proteins to the CI-MPR. Consistent with the SIL AC-based proteomics, GFP-tagged SNX5, SNX6, and SNX32 were able to pulldown CI-MPR, whereas the interaction between retromer and the CI-MPR was not detectable (Fig. 2 A) . When GFP-SNX1 or GFP-SNX2 were coexpressed with mCherry-tagged SNX5, conditions that favor the formation of SNX1-SNX5 and SNX2-SNX5 heterodimers (Wassmer et al., 2009 ), GFP trap immunoprecipitation revealed an enhanced association with the CI-MPR when compared with the single expression of GFP-SNX1 or GFP-SNX2, conditions that favor SNX1-SNX1 and SNX2-SNX2 homodimers ( Fig. 2 B ; Wassmer et al., 2009) . Collectively, these data point to the SNX5, SNX6, and SNX32 components of the SNX1/2-SNX5/6 complex as being primarily involved in the binding to the CI-MPR.
We next verified whether the isolated intracellular cytoplasmic tail domain of the CI-MPR (lacking its transmembrane domain) was sufficient for binding to the SNX1/2-SNX5/6 complex. In parallel, we assessed whether binding was also detected by other cargoes undergoing retrograde endosome-to-TGN trafficking, including sortilin (Kim et al., 2010) and its family member SorLA (Fjorback et al., 2012) as well as the iron transporter DMT1-II (Tabuchi et al., 2010 ; for a schematic of constructs, see Fig. 2 C) . Only the GFP-CI-MPR tail coimmunoprecipitated endogenous SNX5 and SNX6 and their interacting partners SNX1 and SNX2 (Fig. 2 D) .
The cytoplasmic tail of the CI-MPR contains a hydrophobic WLM sorting motif that is necessary for the endosome-to-TGN transport of this receptor (Seaman, 2007) . Mutation of the WLM sequence motif leads to the endosomal accumulation of a CD8-CI-MPR reporter (Seaman, 2007) , a phenotype that we also observed with a corresponding mutant in full-length CI-MPR ( Fig. 2 E ). Thus, we tested the ability of a WLM mutant CI-MPR to interact with SNX5, SNX6, and SNX32. Quantitative western analysis revealed that deletion of the WLM triplet, its mutation into AAA, or the switching of the WLM motif for the FLV endosome-to-TGN sorting motif of sortilin (Seaman, 2007) resulted in a complete loss of binding to these SNX-BAR proteins (Fig. 2 F) . In contrast, a truncated form of the CI-MPR that still contained the WLM motif retained binding (Fig. 2 F) . Overall, these data establish that the WLM motif in the cytosolic domain of the CI-MPR interacts with SNX1/2-SNX5/6 heterodimers, with SNX5 and SNX6 (and SNX32) being the most likely cargo binding entities.
Sequence-mediated recognition of the CI-MPR contributes to SNX1/2-SNX5/6 tubular carrier biogenesis
Immunofluorescence analysis in HeLa cells established that the bulk of endogenous CI-MPR localized to the TGN, but significant amounts were also found in perinuclear retromer-positive endosomes ( Fig. 3 A) . Endosomes are complex organelles that are spatially organized, with a mosaic of distinct functional subdomains whose size is below the classic resolution of light microscopy (Sönnichsen et al., 2000; Murk et al., 2003; Puthenveedu et al., 2010) . Expression of a GTPase-defective Rab5 mutant, Rab5(Q79L), has been used to enlarge endosomes to discriminate between nonoverlapping domains on the endosome membrane by conventional confocal microscopy (Barbieri et al., 1996; Raiborg et al., 2002) . We used this approach to investigate CI-MPR segregation in retromer-positive endosomes. We scored the overlap of the endogenous CI-MPR signal with that of endogenous VPS35 (a core retromer component) and SNX2 (a component of the SNX1/2-SNX5/6 complex) on the limiting membrane of enlarged endosomes (Fig. 3 B) . Immunofluorescence analysis showed that CI-MPR was enriched in domains positive for SNX2 alone or SNX2 and VPS35 domains but was largely excluded from VPS35-only subdomains ( Fig. 3 B, right) . These data indicate that endosomal CI-MPR is mostly enriched in SNX1/2-SNX5/6 subdomains.
To investigate the functional role of the interaction between CI-MPR and the SNX1/2-SNX5/6 complex, we engineered a chimeric construct encoding the transmembrane domain and intracellular cytosolic domain of the CI-MPR linked to a fluorescent tag that was orientated to face the lumen ( Fig. 4 A) . Strikingly, the overexpression of this construct induced the formation of elongated CI-MPR-positive tubular profiles previously reported to be CI-MPR-enriched post-TGN carriers (extensively characterized by Waguri et al., 2003) . However, we observed that endogenous SNX1 and SNX2 as well as SNX6 were found to localize with a subpopulation of CI-MPR-positive tubular profiles (Figs. 3 C and S4 A). When cells were costained for endogenous VPS35, we observed that retromer was excluded from the subpopulation of CI-MPRcontaining SNX1/2-SNX5/6-decorated tubular profiles (Figs. 3 D and S4 A). As the SNX1/2-SNX5/6 decorated CI-MPRcontaining tubular profiles were observed to emerge from VPS35-labeled endosomes, we concluded that rather than being emanations of the TGN, this subpopulation of tubular profiles constituted transport tubules emerging from endosomes (Figs. 3 E and S4 A). Consistent with this, this subpopulation of tubular profiles lacked the presence of the TGN marker TGN46 (Fig. S4  A) and was observed by live-cell imaging to undergo processes of fusion and fragmentation ( Fig. S4 B and Video 1).
We next introduced the WLM-to-AAA mutation into the GFP-CI-MPR chimera ( Fig. 4 A) . WT GFP-CI-MPR and the WLM-to-AAA mutant had similar levels of expression, and the expression of neither construct perturbed the level of retromer pathway components (Figs. 4 B and S4 C). The WLM-to-AAAcarrying GFP-CI-MPR mutant, which we confirmed reduced the ability to bind to the SNX1/2-SNX5/6 complex ( Fig. 4 C) , was still observed in tubular profiles ( Fig. 4 D) . However, immunostaining of endogenous SNX1 to specifically highlight the endosome-derived subpopulation of CI-MPR-containing tubules revealed that although the number of SNX1-negative WT and WLM-to-AAA mutant GFP-CI-MPR tubular profiles were not significantly perturbed ( Fig. 4 E) , those endosomal tubular profiles that were specifically decorated with endogenous SNX1 were significantly reduced in the WLM-to-AAA mutant (Fig. 4 E) . These observations are consistent with the formation of SNX1/2-SNX5/6 tubular transport profiles being dependent, in part, on the presence of the WLM endosome-to-TGN sorting motif within the intracellular cytosolic domain of the CI-MPR. Importantly, endogenous retromer was excluded from these tubular domains, suggesting that it is not a component of these CI-MPR-positive SNX1/2-SNX5/6 tubular profiles ( Fig. 4 E) . To define the functional importance of the binding of SNX1/2-SNX5/6 proteins to the CI-MPR and the formation of recycling tubules, we compared CI-MPR trafficking in retromer and SNX1/2-SNX5/6 siRNA knockdown cells. Owing to the fact that SNX1 and SNX2 are functionally redundant and that the same is also true for SNX5 and SNX6 (Rojas et al., 2007; Wassmer et al., 2007 Wassmer et al., , 2009 ), we used a combination of siRNAs targeting each SNX-BAR protein. As previously reported, the suppression of SNX1/2-SNX5/6 did not affect the level of retromer ( Fig. 5 A; Steinberg et al., 2013) . Immunofluorescence analysis of endogenous CI-MPR localization in siRNA-treated HeLa cells showed that loss of the retromer component VPS35 had little if any effect on the steady-state distribution of the CI-MPR ( Fig. 5 B) . However, the loss of the SNX1/2-SNX5/6 proteins caused a pronounced shift of the CI-MPR signal from TGN to peripheral punctae, with 15% of the cells displaying a full vesicular CI-MPR distribution (Fig. 5 B) . To determine the nature of these CI-MPR-containing peripheral punctae, we used immunostaining of endosomal markers. In SNX1/2-SNX5/6-suppressed cells, the CI-MPR was partially but significantly redistributed to endosomes positive for the late endosome/lysosome marker LAMP1 and the early endosome marker EEA1 but was fully redistributed to an endosomal population positive for VPS35 (Fig. 5, C and D) . We also compared protein levels of the CI-MPR to determine whether the redistribution to retromer-positive endosomes correlated with enhanced lysosomal degradation. No reduction of CI-MPR protein level was observed in cells treated with siRNA oligonucleotides targeting the SNX1/2-SNX5/6 complex or the retromer ( Fig. 6 A) . Blocking of protein synthesis with cycloheximide treatment did not reveal an altered rate of CI-MPR turnover ( Fig. 6 A) , consistent with neither the SNX1/2-SNX5/6 complex nor the retromer functioning to retrieve the CI-MPR cargo away from the lysosomal degradative fate.
To assess whether the redistribution of CI-MPR was caused by an endosome-to-TGN trafficking defect, we followed the retrograde trafficking of a previously characterized CI-MPR CD8 chimera in HeLa cells (Seaman, 2007) . The CD8 tag was surface exposed and hence suitable for antibody uptake experiments, and the CD8-CI-MPR showed a delayed retrograde trafficking to the TGN in SNX1/2-SNX5/6-suppressed cells, as shown by decreased Pearson colocalization with the TGN marker TGN46 after 10 and 20 min of antibody uptake (Fig. 6 B) . Cells suppressed for retromer showed minor but significantly faster routing to the TGN at 10 min after internalization, suggesting that the proposed interaction between retromer and the CI-MPR is dispensable for endosome-to-TGN recycling (Fig. 6 B) .
Gene editing confirms the essential role of the SNX1/2-SNX5/6 complex in the retromer-independent endosome-to-TGN transport of the CI-MPR
To exclude that the lack of an observed CI-MPR trafficking phenotype in retromer-suppressed cells arose from a partial but not complete loss of VPS35 expression, we used CRI SPR-Cas9 technology to generate knockout (KO) cells. Initially, we compared the distribution of the CI-MPR in nonclonally selected cellular populations transfected with CRI SPR-Cas9 vectors targeting VPS35, simultaneous SNX1 and SNX2, or SNX5 and SNX6. Western blot analyses confirmed the successful reduction of the targeted proteins in the nonclonal population; no change was detected in the total level of CI-MPR ( Fig. 7 A) . A crude analysis confirmed that in a subpopulation of cells targeted with either SNX1-SNX2 or SNX5-SNX6 guide RNA (gRNA) but not with gRNA against VPS35, the CI-MPR shifted its steady-state distribution from a tight juxtanuclear location (consistent with the TGN) to a more peripheral distribution ( Fig. 7 A) . The visualization of endogenous SNX1 and VPS35 by single-cell immunofluorescent analysis allowed the identification of KO cells within the cellular population and their internal side-by-side comparison with neighboring WT cells. In contrast to VPS35 KO cells, where the distribution of the endogenous CI-MPR was indistinguishable from that observed in WT cells, in the SNX1-SNX2 KO cells the CI-MPR was redistributed and accumulated in retromer-positive endosomes (Fig. 7 B) . Single-cell quantitative analysis of nonclonal populations targeting SNX5 and SNX6 further confirmed that perturbing the SNX1/2-SNX5/6 complex led to a shift in the steady-state distribution of the CI-MPR from the TGN into EEA1-positive endosomes (Fig. 7 C) .
From these nonclonal populations, we isolated clonal HeLa cell lines that were biochemically characterized as VPS35 KOs, dual SNX1 and SNX2 KOs, and dual SNX5 and SNX6 KOs (two independent lines being isolated for each condition; Fig. 8, A and B) . Consistent with the network of interactions that assemble the SNX1/2-SNX5/6 complex (Wassmer et al., 2009) , the SNX1-SNX2 KO cell lines displayed a clear reduction in the levels of SNX5 and SNX6, which was mirrored in the SNX5-SNX6 KO cell lines ( Fig. 8 A) . Likewise, in the VPS35 KO cell lines, there was a clear reduction in the levels of VPS26 and VPS29, the two other proteins that assemble with VPS35 to form the stable retromer heterotrimeric complex ( Fig. 8 A; Arighi et al., 2004; Seaman, 2004) . There was no evidence that the expression of the SNX1/2-SNX5/6 complex was affected in the retromer KO cell lines, nor was the expression of retromer affected upon KO of SNX1-SNX2 or SNX5-SNX6 ( Fig. 8 A) . In all of these clonal HeLa cell lines, the steady-state expression of CI-MPR was not significantly affected ( Fig. 8 A) .
To assess the CI-MPR distribution, we imaged each clonal cell line and quantified the colocalization of endogenous CI-MPR with TGN46 and EEA1. This confirmed the clear and statistically significant steady-state redistribution of the CI-MPR from the TGN to peripheral endosomes in the SNX1-SNX2 KO cell lines and, more strikingly, in the SNX5-SNX6 KO cell lines (Fig. 8 B) . We again failed to observe any significant redistribution of the CI-MPR in the VPS35 KO cell lines (Fig. 8 B) . However, a feature of the isolated VPS35 KO clones was a "fragmented" TGN ( Fig. 8 B) . Finally, to ensure that the observed CI-MPR phenotype did not arise from off-target effects, we individually reexpressed GFP-SNX5 and GFP-SNX6 in the the CI-MPR extracellular domain, and its trafficking was analyzed after 40 min. Zoomed images on right are marked by boxes in main images. Bars: (main images) 20 µm; (zooms) 10 µm. (F) The CI-MPR WLM sorting motif is necessary for interaction with the retromer-linked SNX-BARs. Summary of CI-MPR mutant binding ability from quantitative fluorescence-based Western blotting. SNX30 was used as negative control. n = 3 independent experiments (means ± SEM; one-way ANO VA compared with GFP-CI-MPR tail 1-164. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Figs. 9 A and S5 ). This phenotypic rescue was not observed upon expression of either GFP-SNX4 or GFP-SNX8, two SNX-BAR proteins that do not assemble into the SNX1/2-SNX5/6 complex and do not associate with the CI-MPR (Figs. 9 A and S5).
Discussion
Our data provide the conceptual framework to propose a mechanism for how the SNX1/2-SNX5/6 membrane-remodeling complex is able to couple sequence-dependent CI-MPR recognition with the biogenesis of CI-MPR-enriched tubular profiles and transport carriers during retrograde endosome-to-TGN transport. From a parallel analysis of retromer, we have provided data that challenge the current dogma for describing the functional role of retromer in sequence-dependent CI-MPR retrograde transport.
We have established that the WLM endosome-to-TGN sorting motif present within the intracellular cytoplasmic tail domain of the CI-MPR (Seaman, 2007) interacts with heterodimeric combinations of SNX5, SNX6, or SNX32 with one of SNX1 or SNX2. When reconstituted in an in vitro liposome-based assay, these SNX-BAR proteins display an inherent ability to generate tubular profiles (van Weering et al., 2012b) . As peripheral proteins, SNX-BARs associate with the cytosolic face of the endosomal membrane through an avidity-based engagement that detects the presence of specific phosphoinositide species (via their phox homology domains) and senses membrane curvature through the lipid-binding properties of their BAR domains and associated amphiphatic helices (Carlton et al., 2004; Traer et al., 2007; van Weering et al., 2012b) . As the local density of the SNX-BAR proteins increases, they switch from curvature-sensing to curvature-inducing modes of action, the latter arising from the formation of high-ordered helical assembles that drive the biogenesis of tubular profiles (Simunovic and Voth, 2015) . Our identification that the SNX5, SNX6, and SNX32 proteins can also associate with sorting motifs in the intracellular cytosolic domain of cargo proteins as exemplified in this study by the CI-MPR argues that the density of specific cargo is an important component in the avidity-based residency of SNX-BAR proteins on the endosomal membrane. This ability to sense the concentration of cargo proteins would influence the local density of SNX-BAR proteins at regions of cargoenrichment, thereby aiding their assembly into helical arrays that drive the localized biogenesis of tubular profiles. In this way, sequence-dependent cargo recognition is coupled to the biogenesis of the tubular profile ( Fig. 9 B) . Consistent with this model, we have shown that increased expression of WT CI-MPR leads to an enhancement in the formation of SNX1/2-SNX5/6-decorated tubular profiles when compared with the WLM-AAA CI-MPR mutant that lacks binding and hence is not sensed by these SNX-BAR proteins. It is very likely, therefore, that the other cargo proteins identified within the interactomes described in this study as well as in other previously published studies (Kurten et al., 1996; Haft et al., 1998; Parks et al., 2001; Heydorn et al., 2004a,b; Villar et al., 2013) are also recognized by the SNX1/2-SNX5/6 complex to regulate their tubular-based endosomal sorting and transport. The diversity in cargo recognition between SNX1 and SNX2 and between SNX5, SNX6, and SNX32 may expand the repertoire of cargoes being selected and provide unique points of regulation for specific recycling routes. Furthermore, with a limited body of evidence hinting that other SNX-BAR proteins, including SNX8 and SNX4 as well as SNX7 and SNX30, may also display abilities to associate with cargo proteins (Haft et al., 1998; Bean et al., 2017; Ma et al., 2017) , the concept of cargo recognition within SNX-BAR-mediated biogenesis of tubular profiles and cargo-enriched transport carriers is likely to extend to other transport routes. Our data also reveal that the endosome-to-TGN transport of TGN46 occurs independently of the retromer-linked SNX-BARs (and VPS35), suggesting that other endosome-to-TGN trafficking pathways contribute to the retrograde transport of this protein.
The observed redistribution of the steady-state localization of the CI-MPR upon SNX1-SNX2 and SNX5-SNX6 siRNA knockdown or CRI SPR-Cas9 KO is entirely consistent with the described interaction between the SNX1/2-SNX5/6 complex and the WLM endosome-to-TGN sorting motif in the CI-MPR. Our experiments using siRNA knockdown and CRI SPR-Cas9 KO argue that retromer itself plays a very minor (if any) role in regulating the steady-state distribution of the CI-MPR, a conclusion that contrasts with previous studies (Arighi et al., 2004; Seaman, 2004) . These distinct functional requirements for retromer and the SNX1/2-SNX5/6 complex in CI-MPR transport are entirely consistent with the biochemical evidence that in solution, retromer and the SNX1/2-SNX5/6 complex do not associate to form a stable assembly (Norwood et al., 2011) . Our unbiased proteomic analysis has provided further evidence supporting this conclusion and hence reinforced that in mammalian cells, these complexes do not appear to form a higher-ordered complex. It should not be excluded, however, that a transient association of these complexes might occur in a membrane-dependent context, which if of low affinity would not be detected through our proteomic procedure. We have also observed that although mammalian retromer and the SNX1/2-SNX5/6 complex do colocalize on shared CI-MPR-enriched endosomal subdomains, a greater proportion of these subdomains are enriched with the SNX1/2-SNX5/6 complex over retromer, again consistent with a separation of their functional properties. Thus, in contrast to yeast, where the Vps26-Vps35-Vps29 heterotrimer physically interacts with the SNX-BAR equivalents Vps5-Vps17 (Seaman et al., 1998) , in higher metazoans, this is not the case.
Finally, the evidence that siRNA knockdown and CRI SPR-Cas9 KO of retromer does not alter the steady-state distribution HeLa cells were transfected with nontargeting siRNA, siRNA against VPS35, or a pool of siRNAs against SNX1, SNX2, SNX5, and SNX6. 72 h after transfection, cells were incubated with αCD8 antibody, and its trafficking was followed for 60 min. The retrograde transport to the TGN was assayed through measuring colocalization of CD8 signal with the TGN marker TGN46. n = 3 independent experiments; 0 min, ≥72 cells per condition; 10 min, ≥74 cells per condition; 20 min, ≥78 cells per condition; 60 min, ≥69 cells per condition (means ± SEM; two-way ANO VA compared with nontargeting control; *, P < 0.05; **, P < 0.01; ****, P < 0.0001). Bars: (main images) 20 µm; (insets) 5 µm. of the CI-MPR is at odds with previous studies (Arighi et al., 2004; Seaman, 2004) . From the data presented in our study, we conclude that the present view of retromer's role in the endosome-to-TGN retrograde transport of the CI-MPR may be overstating its direct importance in the sequence-dependent element of this transport process. Further work will be required to reconcile these differences and to define further the importance of retromer in retrograde endosome-to-TGN transport.
Materials and methods

Antibodies
Antibodies used in this study were: mouse monoclonal antibodies to SNX1 (clone 51/SNX1; 611482; BD), SNX2 (clone 13/SNX2; 5345661; BD), SNX6 (clone SNX6-76; S6324; Sigma-Aldrich), SNX6 (clone d-5,365965; Santa Cruz Biotechnology, Inc.), LAMP1 (H4A3; 25630; Abcam), GLUT1 (SPM498; 40084; Abcam), CD8 (clone UCHT4; ANC-153-020; Ancell), β-actin (A1978; Sigma-Aldrich), GFP (clones 7.1 and 13.1; 11814460001; Roche), Golgin-97 (clone CDF4; A-21270; Thermo Fisher Scientific), CI-MPR (clone 2G11; MA1-066; Thermo Fisher Scientific); rabbit polyclonal antibodies to SNX1 (ab995; Abcam), SNX5 (17918-1-AP; Proteintech), VPS26A (23892; Abcam), VPS35 (97545; Abcam), VPS29 (98929; Abcam), FAM21 (a gift from D.D. Billadeau, Mayo Clinic, Rochester, MN), Strumpellin (87442; Santa Cruz Biotechnology, Inc.), SNX30 (ab121600; Abcam), VAPB (14477-1-AP; Proteintech), SNX27 (16329-1-AP; Proteintech), GAP DH (G9545; Sigma-Aldrich); rabbit monoclonal antibodies to SNX5 (EPR14358; 180520; Abcam), VPS35 (EPR11501(B); 157220; Abcam), CI-MPR (EPR6599; 124767; Abcam), GLUT1 (EPR3915; 115730; Abcam), EEA1 (clone c45b10; 3288; Cell Signaling Technology), SNX4 (epr16954; ab198504; Abcam), goat polyclonal antibodies to VPS35 (10099; Abcam), SNX6 (N-19; Santa Cruz Biotechnology, Inc.), and EEA1 (N-19; sc-6415; Santa Cruz Biotechnology, Inc.), sheep polyclonal antibody to TGN46 (AHP500G; Bio-Rad Laboratories), and mouse polyclonal antibody to VAPA (SAB2702059; Sigma-Aldrich).
Cell culture and transfection
HeLa cells were grown in DMEM (Sigma-Aldrich) supplemented with 10% (vol/vol) FCS (Sigma-Aldrich) and penicillin/streptomycin (Gibco) and grown under standard conditions. DNA was transfected using FuGENE HD (Promega) according to the manufacturer's instructions. CRI SPR-Cas9 plasmids were cotransfected with a puromycin resistance-expressing plasmid, and cells were subjected to puromycin selection 24 h later. For siRNA-based knockdown, cells were first reverse-transfected using DharmaFECT (GE Healthcare) and then transfected again with HiPerFect (QIA GEN) 24 h later according to the manufacturer's instructions. 48 h after the second transfection, cells were lysed or fixed and stained. Retromer SNX-BAR suppression was done using a combination of the following oligonucleotides against SNX1 (sequence 5′-AAG AAC AAG ACC AAG AGC CAC-3′), SNX2 (sequence 5′-AAG UCC AUC AUC UCC AGA ACC-3′), SNX5 (sequence 5′-CUA CGA AGC CCG ACU UUGA-3′), and SNX6 (sequence 5′-UAA AUC AGC AGA UGG AGUA-3′). VPS35 suppression was done using a combination of oligonucleotide 3 (sequence 5′-GUU GUU AUG UGC UUA GUA-3′) and oligonucleotide 4 (sequence 5′-AAA UAC CAC UUG ACA CUUA-3′; GE Healthcare). Cycloheximide was used to prevent up-regulation of protein synthesis. In this case, cycloheximide (C7698; Sigma-Aldrich) at 10 µg/ml was added to the cells 24 h after the second transfection for the indicated time points.
Generation of lentiviral stable RPE-1 cell lines
Lentiviral particles were produced and harvested in HEK293T cells. hTERT-RPE1 cells were transduced with a titration of lentiviral particles to produce stably transduced cells. HEK293T and hTERT RPE-1 cells were grown in DMEM supplemented with 10% (vol/vol) FCS and penicillin/streptomycin and grown at 37°C in a 5% CO 2 incubator.
Isolation of CRI SPR-Cas9 clonal lines
HeLa cells were grown in DMEM supplemented with 10% (vol/vol) FCS and penicillin/streptomycin and grown under standard conditions. CRI SPR-Cas9 plasmids were cotransfected with a puromycin resistance-expressing plasmid using FuGENE HD according to the manufacturer's instructions, and cells were subjected to puromycin selection 24 h later. Cells were subsequently resuspended using accutase (Bio-Legend) and diluted in Iscov's modified Dulbecco's medium (Sigma-Aldrich) supplemented with 10% (vol/vol) FBS (Sigma-Aldrich) to 2.5 cells/ml. Subsequently, 200 µl was plated in the wells of 10× 96-well plates, and after 3 wk, the plates were screened for the presence of cell colonies. Cell colonies were expanded and subjected to lysis and Western blotting to determine the levels of the target proteins.
SIL AC
For SIL AC, hTERT RPE1 cells lentivirally transduced to stably express GFP or a GFP-tagged construct of the protein of interest were cultured for at least six doublings in SIL AC DMEM (89985; Thermo Fisher Scientific) supplemented with 10% dialyzed FBS (F0392; Sigma-Aldrich). Cells expressing GFP were grown in media containing light amino acids (R0K0), whereas cells expressing the GFP-tagged protein of interest were grown in medium (R6K4). Amino acids R6, R0, and K0 were obtained from Sigma-Aldrich, whereas K4 was from Thermo Fisher Scientific. Cells where lysed in immunoprecipitation buffer (50 mM Tris-HCl, 0.5% NP-40, and Roche protease inhibitor cocktail) and subjected to GFP trap (ChromoTek). Precipitates were pooled and separated on NuPAGE 4-12% precast gels (Invitrogen) before liquid chromatography-tandem mass spectrometry analysis on an Orbitrap Velos mass spectrometer (Thermo Fisher Scientific).
Immunoprecipitation and quantitative Western blot analysis
For Western blotting, cells were lysed in PBS with 1% Triton X-100 and protease inhibitor cocktail. The protein concentration was determined with a BCA assay kit (Thermo Fisher Scientific), and equal amounts were resolved on NuPAGE 4-12% precast gels (Invitrogen). Blotting was performed onto polyvinylidene fluoride membranes (Immobilon-FL; EMD Millipore) followed by detection using the Odyssey infrared scanning system (LI-COR Biosciences). In using the Odyssey, we routinely performed Western blot analysis where a single blot was simultaneously probed with antibodies against two proteins of interest (distinct antibody species) followed by visualization with the corresponding secondary antibodies conjugated to distinct spectral dyes. For GFP-based immunoprecipitations, HEK293T cells were transfected with GFP constructs using polyethylenimine (Sigma-Aldrich). 48 h after transfection, cells were lysed in immunoprecipitation buffer (50 mM Tris-HCl, 0.5% NP-40, and Roche protease inhibitor cocktail) and subjected to GFP trap (ChromoTek).
Immunofluorescence staining
Cells were washed and fixed in 4% PFA and then washed in PBS and permeabilized with 0.1% Triton X-100. For the preservation of Rab5 Q79L swollen endosomes, cells were fixed in ice-cold methanol for 4 min. Fixed cells were then blocked in 1% BSA and incubated in primary antibody and respective secondary antibody (Alexa Fluor; Thermo Fisher Scientific) in 1% BSA. For the aCD8 antibody uptake assay, D8-CI-MPR-HeLa cells (Seaman, 2004) were transferred to a well containing 3 ml of ice-cold DHB (DMEM supplemented with 20 mM Hepes and 1% [vol/vol] FCS) for 15 min to stop trafficking processes. Surface CD8-CI-MPR was labeled by 30 min incubation in cold DHB-containing aCD8 antibody. Coverslips were washed twice in ice-cold PBS, transferred to prewarmed growth media, and returned to the incubator for 0, 10, 20, or 60 min to allow uptake of the anti-CD8 to occur. At the assay end point, cells were washed, fixed, and immunostained. Similar protocol was adopted for the CI-MPR antibody uptake assay.
Image acquisition and image analysis
Microscopy images were collected with a confocal laser-scanning microscope (SP5 AOBS; Leica Microsystems) attached to an inverted epifluorescence microscope (DMI6000; Thermo Fisher Scientific). A 63× 1.4 NA oil immersion objective (Plan Apochromat BL; Leica Biosystems) and the standard SP5 system acquisition software and detector were used. Images were captured at room temperature as z stacks with photomultiplier tube detectors with a photocathode made of gallium-arsenide-phosphide (Leica Microsystems) for collecting light emission. Images were captured using Application Suite AF software (version 2.7.3.9723; Leica Microsystems) and then analyzed with the Volocity 6.3 software (PerkinElmer). For colocalization studies, Pearson's correlation (measuring the correlation in the variation between two channels) and Manders's colocalization coefficient (measuring the degree to which the corresponding channel overlaps with the other channel) were measured using the method of Costes to set automatic thresholds. The colocalization in Fig. 5 D was measured in the cell periphery (entire cell area excluding the TGN region), and it was measured in the entire cell area in all the other cases. In Fig. 4 , an individual tubular profile was scored based on a length that was ≥3 µm. Cells were seeded in dishes (MatTek) in prewarmed CO 2 -independent media. Cells were imaged with a confocal laser scanning microscope (SP8 AOBS; Leica Microsystems) attached to a DMI6000 inverted epifluorescence microscope with an HCX Plan Apochromat lambda blue 63× 1.4 NA oil objective. Images were captured at 37°C, and "Adaptive Focus Control" was used to correct focus drift during time courses.
Plasmids
Cytoplasmic domain of VAPA, VAPB, CI-MPR tail, SORT1 tail, SorLA tail, DMT1-II tail, and GLUT1 tail were cloned from HeLa cDNA into pEGF PC1 vector (Takara Bio Inc.). Primers for site-directed mutagenesis of the CI-MPR tail were designed according to the online tool QuikChange Primer Design (Agilent Genomics). Signal peptide of CI-MPR and transmembrane domain and tail of CI-MPR for the generation of chimeric constructs were amplified from HeLa cDNA and cloned into pEGF PC1 vector (Takara Bio Inc.). The CRI SPR-Cas9 plasmids in px330 were gifts from F. Steinberg (Albert Ludwigs Universitaet Freiburg, Freiburg, Germany) . The gRNAs for CRI SPR genome editing used in this study were SNX1, 5′-GGC CGG GGG ATC AGA ACC CG-3′; SNX2, 5′-GCA GCA CTG TCT CCA CCC TAG-3′; SNX5, 5′-GCT CTG AAA CGT GGG CAG TG-3′; SNX6, 5′-GAT GTG CTG CCA CAC GAC AC-3′; VPS35, 5′-GTG GTG TGC AAC ATC CCT TG-3′; CI-MPR gRNA1, 5′-GCT TGT CCT GAG TTA CGT GA-3′, CI-MPR gRNA2, 5′-GTG TGC ACT ACT TTG AGT GG-3′; and CI-MPR gRNA3, 5′-GAG AAG GAA GAC CTC CTC TG-3′.
Statistical analysis
All quantified Western blot and confocal colocalization data are the mean of at least three independent experiments. Statistical analyses were performed using Prism 7 (GraphPad Software). Graphs represent means and SEM. The following statistical tests have been used: t test (unpaired and two-tailed), one-way ANO VA (followed by Dunnett's test), two-way ANO VA (followed by Dunnett's test with the exception of Fig. 5 D, in which Sidak's test was used). For all statistical tests, P < 0.05 was considered significant and is indicated by asterisks.
Online supplemental material
Fig. S1 shows the titration of GFP-SNX1 and GFP-SNX2 lentivirally transduced RPE1 cells as well as the endosomal localization of GFP-SNX1 and GFP-SNX2 chimeras. Fig. S2 shows the titration of GFP-SNX5, GFP-SNX6, and GFP-SNX32 lentivirally transduced RPE1 cells as well as the endosomal localization of GFP-SNX5, GFP-SNX6, and GFP-SNX32 chimeras. Fig. S3 recapitulates the interaction between VABA and SNX2 heterodimers. Fig. S4 shows that the WT GFP-CI-MPR chimera induces the formation of tubules decorated with SNX1/2-SNX5/6 complex but not with retromer. Fig. S5 shows how the rescue of CI-MPR in the SNX5+6 KO c18 by reexpression of GFP-tagged SNX5 or SNX6 rescues the normal steady-state distribution. Video 1 shows how the SXN1-decorated GFP-CI-MPR chimera tubules are highly dynamic. 
